A ceramic-lined steel pipe has been prepared by the thermit reaction of aluminum-ferric oxide under centrifugal force with the partial replacement of aluminum by the silicon sludge obtained from a semiconductor wafer cutting processing. The ceramic layer on the pipe inner surface consists of the crystalline structures of mainly corundum (-Al 2 O 3 ) and hercynite (FeAl 2 O 4 ). The sludge replacement increases the layer density from 2.9 g/cm 3 to 3.5 g/cm 3 and the hardness from 1450 Hv to 1780 Hv. The amorphous phases of mullite (Al 6 Si 2 O 13 ) formed between the crystalline structures are found to be responsible for a significant improvement of the ceramic layer density.
Introduction
The important advantage of the thermit process is to use exothermic reactions for material synthesis. Thermit reaction typically generates molten products due to its high exothermic nature. The molten ceramic and metal in a steel pipe produced by thermit reaction can be separated in layers by virtue of their specific gravity difference under centrifugal force. After cooling, the ceramic lining consists of an inner ceramic layer and an intermediate iron one on the steel pipe surface. This technique known as centrifugal-thermit process was used to produce the ceramic-metal composite pipe. [1] [2] [3] The composite pipe is good against corrosion, and thermal and mechanical shock, 4) and has been recommended for the industrial applications to the transport of abrasive and corrosive materials such as coal, coke, coal cinder, mineral powder, cement mortar, molten aluminum, and oil water mixture. The service life of the composite pipe is about ten times longer than that of steel pipe used before. 5, 6) There were many researches using a thermit mixture of Fe 2 O 3 and Al system. Aluminum oxide and iron are produced by the reaction of:
where the enthalpy of formation is 836 kJ/mol. The thermit technique that has been applied for the ceramic lining of pipes without the use of additives hold some demerits, mostly due to the formation of large pores within the ceramic layer causing the low dense structure. Various additives such as MgO, SiO 2 , Na 2 B 4 O 7 , etc. have been used to solve this problem by reducing the melting temperature. 1, [5] [6] [7] [8] Silicon is known as a strong reducing element, leading to the thermit reaction of:
where the enthalpy of formation is 311 kJ/mol. If silicon is used as a partial replacement of Al in the thermit system of Fe 2 O 3 -Al, it would work as a reductant for Fe 2 O 3 as well as a source of SiO 2 . In other words, even though it contributes to the heat generation needed for melting the mixtures less than Al, it provides the composition of SiO 2 lowering the melting temperature, which is believed to make the ceramic lining structures denser. Ceramic lining on the inner surface of a steel pipe was carried out by the centrifugal thermit technique. Silicon sludge produced during the cutting and polishing process of silicon wafers practiced in a local company was selected as a source of Si. In the present investigation, a mixture of Fe 2 O 3 and Al was used as the base and the silicon sludge was added in place of aluminum. The microstructure of the ceramic layers and their densification mechanism were studied.
Experimental Procedure
A mixture of thermit material was prepared by mixing stoichiometrically aluminum metal (<100 mm with 39 mm average size, 99.7% purity, Alcoa Brazil) and ferric oxide (<5 mm with 1.6 mm average size, !99:0% purity, EWIC Korea). In subsequent tests, aluminum was replaced by silicon sludge in the range 5-50 mass%. The sludge consisted of 70 mass% SiC and 30 mass% Si according to the chemical analysis and its average particle size was about 8 mm.
The raw materials were mixed for 1 hour in a barrier mixer. A carbon steel pipe 300 mm long with an inner diameter of 54 mm and a wall thickness of 3 mm was mounted in a horizontal centrifuge apparatus. The steel pipe was filled with the mixture at different filling ratios. A coiled tungsten wire in 0.5 mm diameter was electrically heated at one point of the mixture to start the thermit reaction. Upon the completion of the reaction, the centrifuge machine was allowed to rotate for 10 more minutes until the reactor body cooled down.
A piece of the ceramic layer was taken out from the pipe and mounted on a thermosetting plastics, then ground and polished with different particle sizes of diamond powder for the purposes of SEM and EDX (JEOL JSM-6380LA) analysis. The ceramic layer was crushed into powder and its phase composition was identified by X-ray diffraction (XRD, Rotaflex Ru-200B CuK, Rigaku). Its hardness was measured by the Vickers method (Hardness tester, MVK-E, Akashi). Figure 1 represents the X-ray diffraction pattern of the ceramic layers prepared with the replacement of silicon sludge in the range 5-50%. The major intensity peaks of corundum (-Al 2 O 3 ) and hercynite (FeAl 2 O 4 ) are clearly found in the layer synthesized without the replacement of the sludge ( Fig. 1(a) ). The same crystalline structure peaks appear with the sludge replacement up to 10% of the total mixture as shown in Figs. 1(b) and 1(c). However, the crystalline peaks corresponding to the sludge from 20% to 50% do not clearly appear as indicated in Figs. 1(d), 1(e), and 1(f) as for the ones at 10% and less.
Results and Discussion

Crystalline structures
The higher the silicon sludge replacement into the thermit mixture is, the lower is the reaction temperature. The silicon sludge increase may not provide an enough time to maintain high temperature sufficient to convert all components in the ceramic layer into crystalline structures during the cooling. In other words, the X-ray peaks of corundum and hercynite are not strong or disappeared at more than 10% silicon sludge replacement.
Interestingly, the intensity peaks of silicon and carbon compounds derived from Si and SiC in the sludge are not found at all as given in Fig. 1 . The melt formed at the high combustion temperature from the thermit reaction of the Fe 2 O 3 -Al-Si system solidifies as cooling proceeds. However, Si or C compounds besides corundum and hercynite structures seem to remain in the amorphous state.
Apparent density and hardness
The thermit powder mixture filled in a steel pipe was pressed against the inner wall by centrifugal force. After the ignition, the combustion propagated throughout the thermit tunnel within a few seconds. The molten material produced at over 3,000 C moved towards the pipe surface. Some evolved gases during the reaction remained in the melt, which ultimately lowered the density of the ceramic layer formed by a quick solidification activity within a few minutes. Figure 2 depicts the density variation in the ceramic layer with different silicon sludge replacement. The density of the ceramic layer is 2.9 g/cm 3 without silicon sludge and increases to 3.5 g/cm 3 with the 5% and 10% replacement. The molten phase formed with the sludge replacement is found to be maintained for a relatively long period of time in the course of cooling under a centrifugal force and it helps promote a dense ceramic layer. However, its density decreases down to 2.8 g/cm 3 with further replacement of the silicon sludge. This would be due to the inclusions of pores, which will be discussed in the Section 3.3 under microstructure. Figure 3 shows the apparent density of the ceramic product varied at different filling ratios. The filling ratio herein refers to the ratio of the weight of thermit filled in a steel pipe to the weight of the steel pipe. The density of the prepared layer at the filling ratio of 30-50% without silicon sludge is in 2.8-2.95 g/cm 3 . On the other hand, it is shown that the 10% silicon sludge replacement significantly raises the density up to the maximum value 3.5 g/cm 3 . The Vickers hardness of a specimen of the ceramic layer prepared was measured with a 50-Kg load and the results are shown in Fig. 4 . The hardness for the ceramic layer prepared without sludge replacement is about 1,450 Hv. However, in the presence of the 10% replacement at a 40% filling ratio, the hardness increases to 1,780 Hv by 23%. It is noted that the hardness value remains constant at centrifugal force over 120 G (G: the acceleration due to gravity). As expected, the hardness of the ceramic layer has a similar trend to its density.
Microstructure
The microstructure of the ceramic layer was observed by SEM is shown in Fig. 5 According to the SEM images obtained at different locations in the cross-sections of the ceramic layers using, it was generally found that the innermost part exposed to air has coarse grains of -Al 2 O 3 , while the outermost part contacted to the pipe surface has fine ones (Figs. 5(b), 5(d) ). The microstructure of the middle ceramic layer parts in the direction of thickness was observed by SEM as shown in Fig. 5(c) .
A dense microstructure of the ceramic layer with dendritic structure of -Al 2 O 3 grains surrounded by FeAl 2 O 4 is formed using 10% silicon sludge and the significant decrement of the pore is noticed in Fig. 5(c) , compared to the case of no sludge. The sludge includes two major compositions of Si and SiC; therefore, the SiO 2 composition is produced from the thermit reaction of Fe 2 O 3 and Si according to eq. (2). In other words, the SiO 2 -Al 2 O 3 system obtained from the overall thermit reaction of Al-Si-Fe 2 O 3 likely forms the amorphous silicate materials which remain as a liquid phase of high fluidity for an extended time period below the solidifying temperature of FeAl 2 O 4 providing a great effect on the ceramic layer structure. The structure rearrangement of the ceramic layer as well as the evolved gas removal becomes easier and results in its microstructure denser after all.
During the thermit reaction between Al and Fe 2 O 3 by eq. (2), it also occurs between Si present in the silicon sludge and Fe 2 O 3 . The silica material formed by eq. (2), subsequently, will react with SiC present in the sludge at high temperatures as followings: 9) SiC þ 2 SiO 2 ! 3 SiO (gas) þ CO (gas) The oxidation of SiC may also take place at high temperatures by:
It is expected that the silica material in eq. 5 can be consumed to react with SiC according to eq. 3 and eq. 4. This is the reason why any X-ray intensity peaks of SiC are not observed in Fig. 1 . The SiO 2 components are going to certainly promote the formation of liquid phase, resulting in the dense ceramic layer structure. However, it is thought that the generated gases likely create most of the pores within the ceramic layer as shown in Fig. 5(c) , greatly affecting its density and hardness. Especially, the development of CO at the high concentration of the sludge over 20% would seriously decrease the density of the ceramic layer. Figure 6 shows the EDX mappings of the overall ceramic layer. Highly concentrated aluminum clearly appears on alumina grains and less concentrated one is scattered between the grains as seen in Fig. 6(b) . Iron element heavily lies between the alumina grains in Fig. 6(d) , and the iron region contains concentrated silicon, too, as shown in Fig. 6(e) . Very rarefied carbon in Fig. 6 (f) signifies a complete reaction of SiC. Oxygen is evenly distributed all over the surface of the ceramic layer (Fig. 6(c) ).
Amorphous phases
Based on the above observation, there should be the FeO-Al 2 O 3 -SiO 2 system on the boundary of alumina grains.
According to the XRD data, it can be assumed that, as cooling proceeds, the FeO-Al 2 O 3 preferentially precipitates onto alumina grains from the thermit melt and then forms hercynite (FeAl 2 O 4 ) which is a spinel-like crystalline structure. Other unknown compositions which could be silicates, however, are not found in the XRD patterns. They hardly get any time to be crystallized by the rapid temperature drop. In other words, it can be deduced that the amorphous silicate materials most likely exist between the hercynite layers surrounding alumina grains in accordance with the silicon distribution map in Fig. 6(e) .
To identify the compositions of amorphous silicon compounds in the ceramic layer, heat treatment is carried out for the ceramic specimens. Specimens in 1:5 cm Â 2 cm taken from the ceramic layer were calcined in an electric furnace at 1400 C for 4 hr. The X-ray analyses for the heat treated specimens are shown in Fig. 7 . Besides Al 2 O 3 and FeAl 2 O 4 in the ceramic layer, a new phase of mullite (Al 6 Si 2 O 13 ) is found. The solid phase having a mullite composition is associated with SiO 2 at 1600 C at which the molar ratio of Al 2 O 3 to SiO 2 is approximately 2.5 to 97.5. 10) In other words, the molten material of a mullite composition remains fluid down to 1600 C, which helps the ceramic layer dense.
Conclusions
The properties and structure of ceramic layer formed by the centrifugal thermit process of aluminum and iron oxide were investigated by the use of single crystal silicon wafer The replacement of the silicon sludge up to 10% of aluminum improves the density of the ceramic layer from 2.9 to 3.5 g/cm 3 and the hardness from 1,450 to 1,780 Hv, but over 10% replacement significantly deteriorates the layer structure. The sludge, a waste material of semiconductor industry, could be considered as a suitable replacement of aluminum to enhance the layer's mechanical properties.
